adsorption-inhibition mechanism and a restriction and modification system. The adsorption-inhibition mechanism encoded by the co-integrate plasmid was specific for one of the phage used in this study.
INTRODUCTION
Lactococcus lactis subsp, lactis biovar, diacetylactis DPC220 is an important component of the mixed starter culture 4/25 used in the production of cultured butter [1] . DPC220 is a unique lactococcal isolate which overproduces a-acetolactate (ALA). The ALA is chemically converted to the flavour and aroma compound diacetyl, an essential component of cultured butter. DPC220 has been found by the butter industry to be susceptible to bacteriophage (phage) attack which can lead to subsequent disruption of production schedules. A classical means of protecting strains against phage attack has been to isolate bacteriophage insensitive mutants (BIMs) of the sensitive strain. This is achieved by exposing the sensitive strain to the problem phage and selecting for spontaneous mutants which demonstrate stable insensitivity. In a number of instances in which the precise mechanism of resistance has been investigated it has been shown that adsorption of phage to the cell was inhibited [2] [3] [4] . The specific molecular events leading to the adsorption inhibition have not been characterized, but it is felt that most BIMs result from mutation of genes encoding specific phage receptors on the cell surface. Strain DPC721 is a BIM of DPC220 isolated after challenge with a phage (tkDl) isolated from the lrish dairy industry which is active against DPC220 [5] .
A number of plasmids have been described in the mesophilic lactococci which encode phage resistance via a number of different mechanisms, including inhibition of phage adsorption (reviewed by Klaenhammer, ref. 6 ) and in one instance the blocking agent has been characterized as a galactosyl-containing lipoteichoic acid polymer [7] . To our knowledge there is no evidence to suggest that the plasmid-encoded resistance systems found in many industrial strains are involved in B1M formation.
MATERIALS AND METHODS

Bacterial strains and bacteriophages
The strai..s and plasmids used in this study are listed in Table 1 . All strains are held in the DPC culture collection in the National Dairy Products Research Centre, Moorepark, Fermoy, Ireland. All lactococcal strains were routinely grown at 30°C in MI7 (Difco) supplemented with 0.5% (w/v) glucose (GM17). Solid media was prepared by the addition of 1.5% agar. Erythromycin (Ery) was added to a final concentration of 50 #g/ml where appropriate. Streptomycin (Sm) was added ¢kR° nisinR° 65-kb [11] " DPC number refers to the Dairy Products Centre culture collection. b The presence of an asterix (4, g*) indicates that the resistance phenotype is mediated by an R/M system and therefore depends on the propagating host. The absence of an asterix (d, R) denotes total resistance.
to a final concentration of 500 ;tg/ml. The isolation of bacteriophage ~bDl has been described previously [8] . All phage were propagated and plaque assays performed by standard procedures [9] . Purified nisin (30 000 U/rag; R.B. Biochemicals, Dublin) was resuspended in 0.02 N HCI and filter sterilized.
Isolation of bacteriophage insensitice mutants
GM17 containing 4~DI (10~/ml) and CaCI 2 (10 mM) was inoculated with DPC220 (1%). The phage-cell mix was incubated at 30°C for 5 days. Individual colonies were picked after plating the mix on GM17 agar and challenged again with ~bD1. Isolates showing good growth in the presence of ~bD1 were subjected to further analysis.
DNA isolation and manipulation
Lactococcal plasmid DNA was isolated by the method of Anderson and McKay [10] . Plasmid DNA was separated on 0.7% vertical agarose gels and sized using the known plasmid content of L.
lactis subsp, lactis biovar, diacetylactis DRC3 [11] .
Piasmid curing was achieved by several transfers in GMI7 at 39°C in the absence of selective pressure (nisin in the case of pNP40 or erythromycin in the case of pAM/31). Individual plasmids were digested according to the instructions provided by the suppliers of the restriction enzymes. Chromosomal fingerprinting was performed by digesting total (plasmid and chromosomal) DNA from individual strains and comparing the restriction patterns after digestion with a number of endonucleases.
4. Conjugation
The solid surface conjugation protocol has been previously described [8] . Individual plasmids were transferred as follows (see RESULTS for details of the individual plasmids): to mobilize pAH90, the broad-host-range erythromycin-resistance (Ery R) plasmid pAMfll [12] was introduced to DPC721 via conjugation. Subsequently, DPC721(pAM/31) was used as a donor to transfer Ery R to MG1614 (SmR). The selection conditions included streptomycin, erythromycin and phage ~bc2 at high titre (108/ml). The selection was based on the presuraption that the mobilized . in a similar fashion. but selecting only for transfer of the Ery R phenotype, the small cryptic plasmid pAH33 was transferred from DPC220 to MGl614. Plasmid pAM/31 was subsequently cured to result in DPC3333, which contains pAH33 as a single resident plasmid (lane 3, Fig. 1 ). In no instance was a transconjugant isolated ~hich contained only pAM/31 and pAH82, although these two plasmids in combination with others were observed in MGi614 transconjugants. An alternative approach was subsequently used to mobilize pAH82. We have previously noted that the phage-and nisin-resistance plasmid pNP40 is capable of mobilizing co-resident plasmids at high frequencies [8] . In the same report we described the construction of a DPC220 derivative containing pNP40. This strain was used as a donor to transfer pNP40 to MGI614. Fifteen of the resultant phage-resistant, nisin-resistant transconjugants were ~reened using plasmid-profile analysis to detect co-transfer of the other plasmids resident in DPC220. As found with other strains, pNP40 mobilized the co-resident plasmids in varying combinations of one or more. Five isolates contained pAH82 in combination with other plasmids, but only one of these isolates contained only pNP40 and pAH82. Plasmid pNP40 was subsequently cured to construct strain DPC3343, which contains pAH82 as a single resident plasmid (Fig. 1, lane 2) .
Adsorption assays
Phage (105 pfu/ml) and ceils (5 × 10 s cfu/ml) were mixed and incubated at 30°C for 15 rain to allow adsorption. The suspension was centrifuged for 5 rain to remove cells and adsorbed phage. Plaque assays were performed on the supernatant to obtain the final pfu. The percentage of adsorbed phage was calculated as: (Initial pfu-final pfu) × 100 Initial pfu
Rapid screening Jot" phage resistance/ sensitit'ity
Individual isolates were analyzed for plasmid acquisition (after conjugation) or loss (after curing) by spotting 10/.tl of fully grown culture onto GMI7 agar plates seeded with CaCI_, and phage at a suitable titre (i.e. for plasmids which exhibit total resistance a high titre was used whereas for those plasmids which exhibit low levels of resistance (EOP of < 10 -3) a lower titre was used).
Isolates showing growth on phage plates were assumed to have acquired a plasmid and were chosen for lysis and further analysis, whereas when determining plasmid loss, those isolates showing no growth on phage-seeded plates were chosen. In all instances plasmid acquisition or loss was confirmed by plasmid-profile analysis.
RESULTS AND DISCUSSION
Isolation of bacteriophage insensitit'e mutants of DPC220
A number of independent phage strains isolated against DPC220 were shown to be identical at the level of restriction analysis [8] . DPC220 was exposed to high titres (10 '~) of a representative industrial phage isolate, ~bDl, to obtain bacteriophage insensitive mutants (BIMs). Isolates from a number of independent experiments were examined for their resistance characteristics. All isolates grew normally in GMI7 broth in the presence of ~bD1, whereas the parent strain DPC220 was rapidly lysed under the same conditions. Plaque assays were performed on a number of isolates to determine the levels of insensitivity to tbDl. Only a single isolate, DPC721, showed a complete absence of plaques at all dilutions. The other isolates displayed pinpoint plaques or poor growth and lawn formation when high titres (10 '~) of phage DI were used. Because of the elevated resistance of DPC721 relative to the other BIMs it was chosen for further analysis.
4.9_. Plasmid analysis of DPC220 and blsensitit,e inlltanls
Piasmid-profile analysis of at least one insensitive mutant from each experiment confirmed, with one exception (isolate DPC721), that the mutants were derivatives of the parental strain DPC220 which possessed identical plasmid profiles (data not shown). DPC721 was the only isolate which had an altered plasmid profile compared to the parent DPC220. Chromosomal fingerprinting confirmed that DPC721 was a variant of the parental strain (data not shown). The plasmid contents of DPC220 and DPC721 differed in that two plasmids present in DPC220, designated pAH82 (2(I.75 kb) and pAH33 (6 kb), were absent and were replaced by a novel plasmid, pAH90 (26.75 kb), in DPC721 (lanes 1 and 4, Fig. 1 ). The remaining two plasmids present in DPC220 were unaffected in DPC721. The results were consistent with a co-integration event between pAH82 and pAH33 giving rise to the larger plasmid pAH90. This hypothesis was confirmed in the following manner: the plasmids involved in the proposed co-integration were transferred via conjugation to L. lactis subsp, lactis MG1614. Strain MG1614 is a plasmid-free host which is sensitive to the prolate-headed phage ~bc2 and the small isometric-headed phage ~712. All three plasmids were transferred by mobilisation with known conjugative plasmids as described in MATERIALS AND METHODS. Three resultant MG1614 derivatives each contained one of the three plasmids under investigation (Fig. 1, lanes 2, 3, and 6) .
The three plasmids, pAH33, pAH82 and pAH90, were isolated from the MGI614 background and were mapped with a number of restriction enzymes (Fig. 2) . The restriction maps confirmed that pAH90 was formed by a co-integration event involving pAH33 and pAH82. Within the limits of accuracy imposed by the restriction data, we conclude that the insertion event was precise, and did not involve DNA of any other origin than pAH82 and pAH33. There was no evidence of a 0.8-1.2 kb duplication, as would be expected if the co-integration was mediated by an insertion sequence present on either plasmid. The mechanism by which the integration event occurred is not understood.
The co-integrate plasmid p,4H90 was responsible for BIM formation
The appearance of pAH90 in DPC721 correlated with the acquisition of the phage resistance phenotype. In addition, MGI614(pAHg0) showed complete resistance to the prolate-headed phage the2 in plaque assays ( Table 2 ), indicating that the plasmid encodes at least one phage-resistance mechanism and suggesting that the acquisition of phage resistance by DPC721 may be linked to the acquisition of pAHg0. However, it is impossible to conclude that the plasmid is responsible for the novel phage resistance based solely on these observations. While plasmids have been shown to encode resistance mechanisms in many strains of lactococci [6] , plasmids have never been implicated in BIM formation. In addition, since no
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+: + ~+% Fig. 2 . Restriction endonuclease maps (not to scale) of pAH33, pAH82, and pAHg0. The location of pAH33 DNA within pAHg0 is indicated by the stippled region.
novel DNA was acquired during the co-integration event leading to the formation of pAH90, it would have required the activation of a previously silent mechanism present on pAH82 or pAH33 during, or co-incident with, the co-integration event to account for the altered phenotype. Strain DPC721 was grown for a number of transfers at elevated temperatures (39°C) to promote plasmid loss. A number of independent isolates were subsequently screened for reversion to ~bDl sensitivity. Fifteen sensitive strains were analysed for plasmid content. All had lost pAH90 (an example, DPC3339, is shown in Fig. 1 , lane 6) and were completely sensitive to ~bDl. No phage resistant isolates had lost pAH90. This confirms that the observed resistance correlates with the presence of pAH90 in DPC721, and was not the result of a chromosomal point mutation, as is normally assumed to be the route by which BIMs are formed. This, to our knowledge, is the first example of a BIM in which the acquired resistance is plasmid mediated and transferrable. We cannot determine, on the current evidence, whether the plasmid co-integration was the precise event which caused the activation of the previously silent resistance, or whether the two events were co-incidental.
Resistance conferred on MG1614 by pAH90, pAH82 and pAH33
The presence of all three plasmids under investigation in the well-defined plasmid-free background of strain MGI614 allowed us to determine the precise mechanism of resistance encoded by pAH90 and its progenitors pAH82 and pAH33. MG1614 and its plasmid-containing derivatives were challenged with both the small isometric-headed phage ~b712 and the prolateheaded ~bc2 ( Table 2 ). The strain containing pAH33, the 6.0-kb plasmid present in DPC220 but missing in DPC721, conferred no detectable resistance against either phage. However, the results obtained with the strains containing either pAH82 or pAH90 indicated that both plasmids encode phage-resistance mechanisms. MGI614 (pAH82) restricted ~b712 which had been propagated through MGI614, or through MG1614 (pAH90). However, phage propagated through MG1614(pAH82) were not affected, indicating that pAH82 encodes a restriction and modification system not present on pAH90. In a similar fashion, MG1614(pAH90) restricted phage propagated on MGI614 or MGI614(pAH82). Phage were not restricted when passaged through the propagating host, indicating classical restriction and modification with pAH82 and pAH90 encoding systems of different specificities. The specificities of the systems encoded by pAH82 and pAH90 were designated R/M82 and R/M,~, respectively.
A different result was obtained with the prolate phage 4,c2. Phage 4,c2 was able to form plaques on MG1614 containing pAH82, although at a slightly reduced EOP ( Table 2 ). The lower efficiency was a result of host-dependent restriction, presumably due to R/Msz encoded by pAH82 as demonstrated for ~b712. As described earlier, no plaques were obtained with ~bc2 on the strain containing pAH90, even at high titres (101° pfu/ml). Adsorption assays demonstrated that this strain adsorbs ~bc2 at lower efficiencies (40%) than either MGI614, MG1614 (pAH82), or MGI614(pAH33) (98%, 99% and 99%, respectively). Therefore pAH90 encodes an adsc:rption inhibition mechanism which is specific for ~bc2, in addition to the R/M~ phenotype detectable against ~b712. The presence of both mechanisms on pAH90 is sufficient to confer complete resistance against 6c2. The results obtained with tkc2 in the MGI614 background prompted us to examine the effect of pAH90 in DPC721 on the adsorption of ~bDl. However, adsorption of ~D1 was similar in DPC220, DPC721 and DPC3339 (98%, 99% and 98%, respectively), indicating that either phage adsorption is unaffected in DPC721, or that there is an extremely high level of nonspecific adsorption between the phage and the insensitive host. Such non-specific binding has been previously described in lactococcal strains [13] , though not at the levels observed in this instance. If the adsorption inhibition mechanism encoded by pAH90 (against ~bc2 in the MG1614 background) is inactive against ~bDl a third mechanism must also be present on pAH90 which is active against ~bDl. This can be inferred since it is unlikely that the R/M~ mechanism would be sufficient of itself to confer total resistance upon DPC721.
Conclusions
it is difficult to propose a thcotT whereby the altered phage-resistance phenotypes encoded by pAH82 and pAHg0 can be explained by a simple co-integration event. It is of course possible that the plasmid co-integration may not necessarily have been the same event which conferred resistance to phage ~bD1. It is conceivable that an independent mutation occurred coincident with, but independent of, the co-integration event which leads to the observed three-way alteration in resistance phenotypes (i.e. loss of R/Ms2, acquisition of R/M,~, and acquisition of adsorption inhibition). This putative mutation would have to be undetectable to the restriction mapping performed on the co-integrate plasmid. Nonetheless, we have shown that the BIM formation resulted from the activation, by whatever means, of at least two previously undetectable resistance mechanisms on pAH82 or pAH33. At present, we have not determined whether the 'silent' R/M,~ and the adsorption inhibition determinant are located on pAH82 or pAH33. This is the first instance, to our knowledge, in which BIM formation has been linked to plasmid-based multiple resistance mechanisms. However, much remains to be done to determine the precise molecular mechanisms underlying the 'switch' in phage resistance phenotypes. These efforts are currently under way in our laboratory. The mechanism of BIM formation described in this study is rare and was only detected in one instance. However, it may be an example of a more general mechanism for the activation of barriers to phage proliferation which has been overlooked in previous experiments. Since the objective of most BIM selection experiments is to find a variant closely related to the parent it is possible that strains with altered plasmid profiles (a common strain identification technique) would have been discarded. One of the benefits of this study has been the identification of a resistance plasmid, pAHg0, which encodes at least two independent resistance mechanisms, R/M and adsorption inhibition. To our knowledge this combination of mechanisms is unique to pAHg0, and should prove a significant asset in our attempts to protect sensitive strains from bacteriophage attack, particularly if combined with a plasmid encoding an abortive infection mechanism. We are currently investigating this potential by combining both vAHq0 (R/M, adsorption inhibition) and pNP40 ~abortive infection, R/M) in a single strain.
